ABSTRACT We tested the use of high-resolution infrared (IR) camera technology and distance sampling analyses to estimate abundance of feral horses (Equus caballus) during 2015-2016 in the McCullough Peaks Herd Management Area, Wyoming, USA. Infrared technology is becoming more common in ungulate population monitoring. The quality of IR cameras now allows ungulate species to be differentiated. Imperfect detection is a common problem in aerial surveys, so we tested the use of distance sampling analyses to account for imperfect detection probability. We conducted 2 aerial surveys in a sagebrush ecosystem with a demographically closed horse population. True abundance was known to within AE4 animals as a result of intensive, ground-based monitoring of each animal, all of which are uniquely identifiable. After truncation of our data, the most supported detection function was a uniform function with a detection probability equal to 1.0 out to 255 m. Our analyses yielded results that were within 10% of true abundance, but the coefficient of variation (CV) was large (36-58%) assuming a small sampling fraction. However, our truncated surveys covered approximately 95% of the herd management area. By including a finite population correction factor in our calculations of variance estimates, CVs (8-13%) were dramatically reduced. We found the combination of IR surveys and distance sampling analysis to be a useful method to estimate feral horse abundance in sagebrush vegetation type, which had limited cover to obscure horses. Repeated testing in sagebrush ecosystems as well as further testing in other habitat types and under differing conditions will inform how general our approach can be. Ó 2018 The Wildlife Society.
On public lands in the western United States, management of feral horses (Equus caballus) relies on accurate estimates of the number of horses in each administrative unit, but accurately estimating horse numbers in rugged landscapes across their geographic range poses substantial challenges. Most horse herds in the west are managed by the U.S. Bureau of Land Management (BLM), or U.S. Forest Service. These entities share a need for aerial-survey population-estimation techniques that are accurate, operationally feasible, affordable, and scientifically defensible. Abundance estimates are used to determine the frequency of horse gathers, number of horses to be removed, number to be treated with contraceptives, and estimate annual population growth rates.
In 2013, The National Academy of Sciences encouraged the BLM to develop new techniques to estimate horse abundance, specifically testing infrared (IR) cameras (National Research Council 2013) . But using IR cameras alone will only lead to a minimum count if analysis does not correct for missed individuals (Caughley 1974) . Thus, we incorporated distance sampling analyses to correct for imperfect detection (Samuel and Pollock 1981 , Buckland et al. 2001 , Kissel and Nimmo 2011 . Distance sampling is a technique for estimating population density and abundance in which observers traverse a line transect and target animals are searched for on either side of the line. Animals that are farther from the line are harder to detect, resulting in fewer detections with increasing distance. A detection function can then be fit to observed distances and used to estimate animals missed during the survey (Buckland et al. 2001) . Developing an accurate detection function is contingent upon obtaining a sufficient number of observations of single animals or animal groups (also known as "clusters"). Thus, the same areas can be flown multiple times, on different days, even counting the same animal groups multiple times to obtain enough observations for fitting the detection function as long as the associated effort (e.g., total line length surveyed) is also recorded. Distance sampling relies on the assumption that clusters are distributed at random with respect to transect lines and detection of clusters declines (or is monotonically nonincreasing) as a function of distance. By fitting a distance-detection model to observed data, the detection probability and number of undetected clusters can be estimated.
Additional assumptions with distance sampling are as follows: objects on the line or point are detected with certainty; observers do not cause animals to move preferentially away from or toward the transect line; and measurements from the transect line to the target are exact (Buckland et al. 2001) . As long as adequate technical devices and data recording methods are used, distance sampling is a practical platform to apply to IR surveys for several reasons.
These reasons relate to meeting assumptions of distance sampling as well as dealing with the challenges of counting wild horses. First, the survey camera is mounted under the aircraft toward the tail, directly over the transect line, affording confidence that animals on the line are detected. Second, IR surveys can be flown at >750 m above-ground-level (AGL), substantially reducing the level of human disturbance and fleeing behavior by horses. This aspect is especially advantageous for horses that move away from the transect line at the sound of an approaching helicopter during visual surveys, particularly those that have recently been gathered by helicopter. Third, observers during IR surveys are not viewing out a window searching for animal groups and recording environmental conditions in which groups were spotted. Instead they search for heat signatures that show up as white "hot spots" on a monitor screen. These hot spots are then georeferenced and mapped to determine their exact distance from the transect line. Finally, using distance sampling handles double-counting of groups. For instance, visual helicopter aerial surveys over vast herd management areas (HMAs) often take multiple days to complete, risking double-counting animals if they move overnight. With distance analyses, counting groups more than once adds to the data set for fitting a detection function, eliminating this as an issue.
Infrared cameras have been used to locate sage-grouse (Centrocercus spp.) leks (Gillette et al. 2013 ) and currently are being used in ungulate research and monitoring programs (Franke et al. 2012 , Beaver et al. 2014 . We tested the accuracy of horse abundance estimates derived from highdefinition IR camera imaging obtained in 2 aerial surveys in a sagebrush (Artemisia spp.) ecosystem in the western United States. We addressed detection bias with a distance-based analysis, and compared our population estimates with true abundance. 
STUDY AREA

METHODS
We considered horses in the McCullough Peaks HMA as a demographically closed population insomuch as immigration and emigration were extremely limited, and there were no nearby populations. Fences and topographic features that limit horse movements defined boundaries of the survey area. Abundance of horses inhabiting the study area at the time of surveys was known because of intensive observations made by BLM staff and a volunteer group (Friends of a Legacy, Cody, WY, USA). Individual horses were catalogued at birth using individual color markings, and intensive ground-based observations were conducted in spring and summer. Known horse abundance in December 2015 was 150-154, and 152-156 in May 2016 (Table 1) . Adult abundance decreased by one individual from December to May because ground observers identified one known adult mortality prior to our second survey (P. Hatle, Wild Horse Specialist, BLM, personal communication), and 4 foals were born prior to the May survey but 1 did not survive. We assumed no further mortality because of the high survival of horses (Garrott and Oli 2013) . Other ungulates in the study area included approximately 50 mule deer (Odocoileus hemionus) and approximately 1,000 pronghorn (Antilocapra americana). There were 375 domestic cattle (Bos taurus) present in the study area during the May 2016 survey but none during the December 2015 survey. There was discontinuous snow cover during the December survey, but no snow cover during the May survey.
Survey Design and Flight Methods
To define survey area boundary, we determined the full extent of the area potentially used by horses within and beyond the HMA boundary by consulting with field personnel with detailed knowledge of herd spatial distribution (P. Hatle, personal communication). We conducted surveys during daylight hours in December 2015 and after sunset in May 2016. We conducted surveys in a fixed-wing aircraft (P68 Observer 2; Vulcanair, Naples, ID, USA); equipped with a multisensor turret (MX-10; Wescam, Burlington, ON, Canada) that included an internally cooled thermal IR camera (L-3 Wescam, MX-10) of 640 Â 512-pixel resolution and a 5-megapixel high-definition visualspectrum camera. We flew a regular grid pattern that covered the entire HMA and surrounding areas to survey all areas where horse use was expected. We piloted along predetermined flight lines at an altitude of approximately 760 m AGL (Fig. 1) . The IR camera was mounted under the airplane, and used to survey ungulate species within swaths that were slightly >0.5 km wide, with a roughly 10% overlap. We recorded the entire survey flight path via Global Positioning System (GPS) at 1-s intervals providing geopositioning accuracy to within 20 m. The camera was mounted in a multiaxis, gyro-stabilized gimbal alongside sensors (laser range finder and inertial measurement unit) to record distance, compass bearing, and downward angle to each observed group. These data were coupled with Digital Elevation Terrain Data through the onboard computer system. The onboard Geographic Information System computer interfaced with video, allowing the IR camera technician to place a georeferenced marker directly on the target (group), which was automatically saved by the computer. We mapped a coordinate location for each animal group observation in real time as a GPS point. The IR camera view-vantage was centered over the flight transect line with a wide field of view (FOV; 308). The IR camera operator oriented the view along the transect midline and 
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Abundance of horses conducted some minor panning to the left and right (up to 10%). The camera operator monitored and recorded video from the camera output with an onboard computer, searching for spots of thermal heat that displayed on the monitor as brightly colored clusters of pixels. Thus, for analyses, the assumption that greater distances from the transect line would result in reduced detection probability was based on a prediction that hot spots on the monitor screen at farther distances from the transect line would be less intense or "harder-to-detect," as well as an expectation that left-to-right panning decreased the survey effort at further distances from the transect line.
To distinguish between ungulate species (cows, feral horses, pronghorn, and mule deer), the IR camera operator zoomed in with a tighter FOV (78 or 1.88) to better visualize and determine species (Fig. 2) . At approximately 760 m altitude AGL, the size of an image on the ground recorded by each IR camera pixel for the 308, 78, and 1.88 FOV was approximately 60, 15, and 4 cm, respectively; actual size varied, depending on topography. We recorded each IR zoomed image and used a high-resolution visible light image with the narrowest FOV to confirm species (Franke et al. 2012) . When there were multiple hot spots in a small area, the pilot navigated in wide circles centered on those locations so the camera operator could record IR and visible light images of ungulate targets. These circles were done solely to correctly identify to species groups that had already been observed from the transect line. Once species identification and enumeration were achieved, the pilot rejoined the transect line at the point of departure.
Statistical Analyses
We considered each group of animals one observation unit or cluster. After each survey, we used the coordinates associated with each group to determine perpendicular distance from the group's location to the flight line transect. We first plotted raw data to identify possible outlier observations because observations at far distances are routinely censored from distance sampling analyses to avoid unnecessary model parameters (Buckland et al. 2001) . Such censoring also decreases the functional area surveyed. We then fit suggested distance-sampling detection models consisting of a key function and series expansion terms (i.e., uniformþcosine, uniformþsimple polynomial, half-normalþcosine, halfnormalþhermite polynomial, hazard rateþcosine) to these data (Buckland et al. 2001 ). We added 0-5 series expansion terms sequentially if model fit was improved. We fit detection models to each survey independently, as well as to the combined surveys. We used Akaike's Information Criterion with a small sample size correction (AIC c ) for model selection. We conducted Kolgogorov-Smirnov (K-S), Cramer-von Mises, and chi-square tests to check for overall goodness of fit, as well as examining quantile-quantile plots. These goodness-of-fit tests and diagnostic plots allow for an examination and testing of observed distributions of count data versus expected distributions with continuous (e.g., K-S) or discrete (chi-square) distributional assumptions and help identify potential violations of assumptions. We tested whether a correction for cluster-size (e.g., group size) bias was needed. In this context we defined cluster size as the number of animals in a group. At far distances, large clusters may be easier to detect than small clusters, leading to a possible bias, not only in detection of groups but also in estimates of average cluster size. For example, if large clusters of horses are easier to detect than small clusters, then overall estimate of average cluster size will be biased high. We used the observed average cluster size unless we detected (P < 0.15) a size-bias when regressing the log(cluster size) on the detection function (g(x) ). In such cases, we used the regression to correct for cluster-size bias. We performed all analyses in the freeware Program Distance version 7 beta 3 (Thomas et al. 2010) .
Our surveys covered a large proportion of the HMA, so we incorporated a finite population correction (FPC) factor into estimates of variance, standard error (SE), coefficient of variation (CV), and 95% confidence intervals (CI; Buckland et al. 2001) . At no point prior to or during analyses was the survey crew or data analyst told the true abundance for the population of horses in the study area.
RESULTS
We conducted surveys 16-17 December 2015, and 20-24 May 2016. We detected 12 groups (size 1-34 horses; 139 individuals) during the December survey and detected 15 groups (size 1-88 horses; 150 individuals) during the May survey (Fig. 3) . After preliminary plotting of the data, we censored from analysis one observation at a distance of 311 m from the transect line to avoid adding extra parameters to the model without the benefit of gaining precision; we reduced our maximum survey distance to 255 m on either side of transects. The detection model that best fit these data was a uniform key function with no series adjustment whether for the December survey, May survey, or combined surveys. Under this model, estimated detection probability was 1.0 (100%) out to 255 m from the transect line. The next most parsimonious model had a DAIC c of 4.61, 2.31, 2.17, respectively, for the same 3 surveys. We did not detect any cluster-size bias (all P > 0.15). For the respective December survey, May survey, or combined surveys, KolmogorovSmirnoff (P ¼ 0.56, 0.44, 0.97), Cramer-von Mises (P > 0.40, >0.30, >0.90), and chi-square (P ¼ 0.76, 0.20, 0.76) tests also suggested adequate goodness of fit as did diagnostic plots available in Program Distance. The resulting density and abundance estimates were similar for the December, May, and pooled surveys (Table 1) . With a maximum detection distance of 255 m, we effectively surveyed 0.95 of the HMA and used this proportion as the basis of our FPC factor. By incorporating the FPC coefficient of variations decreased from 42, 58, and 36% to 9, 13, and 8%, respectively, for the December, May, and combined surveys.
DISCUSSION
Thermal IR imaging detects emitted thermal radiation lost from an animal's body and surrounding objects, which can be expressed as a difference in temperature compared with surrounding objects. As long as there is a difference between an animal's heat signature and the background signature of soil, rocks, and vegetation, IR imaging can be used to detect an animal that would otherwise be cryptic (Wiggers and Beckerman 1993 , Naugle et al. 1996 , Havens and Sharp 2016 . Infrared surveys may vary in effectiveness depending on season and vegetation cover (Kissel and Nimmo 2011 , Storm et al. 2011 , Witczuk et al. 2018 . Solar radiation can limit effectiveness because sunlight heats soil, rocks, and vegetation, and obscures the heat signature of animals. For this reason, IR surveys are expected to be optimal when vegetation cover that could obscure animals is minimal, and when solar radiation is limited and solar loading of the background substrate has had time to dissipate, such as during heavy cloud cover or at night. To increase apparent temperature contrast between animal and background, surveys are best conducted when background conditions are uniform (Havens and Sharp 2016) . During our December survey there was discontinuous snow cover, which was not optimal, but it did not appear to hinder the method in this case; point estimates of abundance for both December and May surveys were within AE10% of true abundance and estimated detection probability under the highest-ranked model was 1.0 to 255.0 m.
Our results suggest that IR surveys coupled with distance sampling analysis is a feasible method for estimating density and abundance of horses, especially for conditions of our study and horses inhabiting sagebrush ecosystems. Without the FPC, variance estimates and resulting CVs and CIs were large. Variance estimates could have been influenced by nonuniform IR sighting conditions (such as partial snow cover in December), by the small sample size of observations available from single surveys (n ¼ 12, n ¼ 15, respectively), and large variation in cluster size. When the FPC was incorporated into estimates, CVs greatly improved to 8-13%. Comparing abundance estimates between survey methods, Lubow and Ransom (2016) reported CVs for simultaneous double-observer surveys of horses of 6-25% of the point estimate for abundance. Coefficients of variation for simultaneous double-observer surveys of horses in the current BLM program are typically 10%, which is on par with the precision using a FPC in this study. Finite population correction factors are useful when a large proportion of the population, or survey area, is surveyed. Horse surveys are typically designed to survey the entire HMA and a FPC should be considered regularly in such surveys (U.S. Department of the Interior 2010). We also suggest that sample size calculations and simulations be considered for future surveys to optimize survey effort for a desired CV. This may allow sampling as opposed to surveying the entire HMA.
Although our goodness-of-fit tests indicated no lack-of-fit and that a uniform detection function was appropriate for our data, the May 2016 survey observations did not decrease with distance. Many May observations were between 150 and 250 m. There are several possible explanations for this observed pattern. Ground-projected instantaneous field of view is at a smaller scale when viewed through the IR sensor screen. That is, when flying at the aforementioned parameters (760 m AGL, $630-m swath width), a linear, horizontal ground distance of 200 m is equivalent to 12 cm on the observer's 48.25-cm monitor. In other words, the entire swath of ground that is visualized by the IR camera mostly can be seen concurrently by the technician who searches for hotspots representing ungulate heat signatures. This smaller scale may have weakened the detection probability relationship of group distance from the transect line. The May survey was also conducted after sunset to eliminate thermal clutter due to solar radiation. As a result, the apparent heat signature contrast was greater in May; this potentially could have increased the detectability of individuals at all distances, leading to high detection rates at distances far from the transect line. Alternatively, the pattern of large numbers of detections far from the transect line could be spurious because of the small number of observations per individual survey.
The IR camera had high detection probability in this landscape and survey conditions; no detection correction was warranted after truncation. The small scale of our transect width and monitor screen likely influenced our high detection probability. Had we used a wider transect, or were in different survey conditions, we might not have detected all clusters and a different detection function would possibly have been needed. We can also imagine sightability being an issue, especially in different study areas with more vegetation cover, or in warmer conditions when horse heat signatures would not be as distinct. Incorporating GPS collars into future tests could help identify individuals not available to be detected, and offer more insight on detection and sightability issues. We suggest further testing under differing environmental conditions and habitat types, with radiocollars if possible, to address some of these unknowns.
Our validation approach assumed that the number of horses that the BLM and Friends of a Legacy monitor on the ground is an accurate count of the entire population. We believe this is a reasonable assumption given the many hours BLM staff and volunteers spend throughout the year observing adults and foals, all of which are uniquely identifiable. The BLM and Friends of a Legacy maintain detailed and meticulous records on each individual and monitor the population year-round.
Image quality from the internally cooled IR camera used in this survey was adequate because we were able to differentiate horses and other ungulate species using the narrow FOV of the camera. We also used zoomed-in visual spectrum images of animal groups for species identification during daytime surveys in December. In contrast to our ability to differentiate species in this study, researchers from the U.S. Geological Survey conducted aerial trials of forward-looking infrared (FLIR Systems, Nashua, NH, USA) on feral horses in 2005, in which they conducted a paired flight with visual observers for comparison. In those trials, pixel resolution for the IR sensor system used was inadequate to reliably differentiate horses from cows, a result that was reported in other studies at that time as well (Bernatas and Nelson 2004) .
Earlier tests using IR cameras found the ability of IR to detect animals varied greatly in different vegetation types; counts of white-tailed deer (Odocoileus virginianus) were 52% lower than the estimated abundance likely because deer in coniferous forest were not readily detected by IR scanners at that time (Garner et al. 1995) . Likewise, turkeys (Meleagris gallopavo) in the open were easily identifiable, but those in hardwoods and shrub zones were obscured by branches or tree boles and thus more difficult to count (Garner et al. 1995) . More recent tests on elk (Cervus elaphus) and deer suggest lack of detection through thick coniferous-forest canopy can still be a limitation (Dunn et al. 2002 , Chr etien et al. 2016 , Witczuk et al. 2018 . However, in conditions with minimal or intermittent visual obstruction from vegetation, aerial surveys using IR have reported detection probabilities as high as 89% for bighorn sheep (Ovis canadensis) and detection did not decrease for small group sizes (Bernatas and Nelson 2004) . We expect there will be improved accuracy and precision in IR surveys as methods continue to be refined. If conditions that consistently lead to accurate and precise IR survey results can be determined, IR surveys for horses could be attractive for several reasons. Relative to visual surveys, IR flights potentially entail a lower risk to pilots and observers because flights are conducted at high altitudes; although nighttime flights could potentially introduce other risks to the IR flight crew including reduced situational awareness. High-altitude IR flights represent a lower level of disturbance to wild horses and nontarget wildlife that may otherwise startle in response to lowelevation helicopter or airplane overflights. If environmental conditions are suitable, IR could be an especially appropriate tool for horse populations that move in response to helicopters to such an extent that undercounting or double-counting is likely.
To estimate abundance from a single survey, managers would need to survey an area where the expected number of observed groups is large (e.g., !30). In small survey areas, such as our study, managers may need to conduct multiple survey flights of the same area to increase sample size, reduce variability of density estimates, and gain precision (i.e., fly more times over the HMA such as by repeating transect lines, or by flying east-west on one survey and then northsouth in another soon after). For survey areas of any size, flying more transect lines should improve CV because it will lead to a more precise measure of estimated density. In instances where a large proportion of the area or population is likely surveyed, applying a finite-population correction factor is expected to substantially reduce the variance of the point estimate of abundance.
Infrared methods allow for zoomed-in images of each observed group, which can be recorded to confirm ungulate species and maintain a photo record of each group seen. For daylight IR surveys, we encourage observers to photograph a zoomed-in image of each group using the visual spectrum to help identify and distinguish individuals. Also, by using the visual spectrum to zoom in and view individual coloration of horses (which can be recorded from the flight video) IR survey results could be adapted to methods that rely on individual marks, such as mark-resight (White 1996, Lubow and Ransom 2009) .
Infrared surveys to estimate abundance may also be strengthened by improving assessment of animal heat signatures. Better knowledge of spectral signatures of species in the visible and infrared range would facilitate targeting the most relevant spectral bands (Chr etien et al. 2016) . Thermal IR visualizes the relative difference in infrared radiation between the target animal and its surroundings; therefore, the key to a good image is excellent thermal contrast. In our study we used midwave IR; however, long wave IR may be more appropriate for winter survey conditions (Havens and Sharp 2016) . Determining the best IR wavelength for a given species, season, and habitat-type is an area for future research that could refine IR capabilities and improve survey results, particularly in areas with dense vegetation cover that remain challenging to all types of surveys, including IR (Franke et al. 2012 , Cilulko et al. 2013 , Chr etien et al. 2016 .
The per-hectare costs for IR surveys were US$0.087/ha, or US$58.50/km 2 . This is almost twice the cost of a helicopter flight (US$0.051/ha or $34.65/km 2 , and approximately 6 times the cost of fixed-wing visual surveys (US$0.014/ha or US$9.70/km 2 ). This comparison assumes costs for IR, helicopter, and fixed-wing visual surveys of US$750, US $1,000, and US$560/hr; flight speeds of 100 miles/hr (mph), 75 mph, and 100 mph; and transect spacing of 0.54, 1.61, and 2.41 km for the 3 methods, respectively. Based on these assumptions, IR surveys are more expensive than helicopter surveys at this time. Further research could investigate the possibility of conducting sampling in HMAs instead of full survey, as is the current protocol (U.S. Department of the Interior 2010). Distance sampling is uniquely suited to subsampling and may reduce surveys costs if survey acreage could be reduced. However, this should be critically tested to be sure precision and accuracy are not compromised by applying a sampling approach.
MANAGEMENT IMPLICATIONS
Many feral horse herds across the western United States live in rugged, open sagebrush communities with very little obstructing vegetation, similar to conditions in our study area. If the accuracy and precision of our results is repeated in other areas of known population size, estimation of horse herds could be served using IR methods we tested. Particularly for very large HMAs or HMA complexes where horses can move among areas, potentially resulting in undercounting or double-counting groups during visual surveys, a properly designed distance-sampling survey and analysis could take advantage of the additional sightings to improve detection functions and CVs. Conversely, some HMAs with a large proportion of forested habitat may not lead to better results with IR than visual observer surveys. In forested areas, horses often "flush" out of trees during lowaltitude visual surveys and animal activity (movement) can be relied upon to help observers spot animals. But horses standing in trees are not disturbed at the altitudes flown in IR surveys, meaning the IR camera has to do all the "finding" of sometimes stationary animals. In this case, additional sightability correction factors are likely to be needed, with quantification of those factors possible through the use of field crews making visual observations, or radiotelemetry collars. A major deterrent to using IR surveys currently is that they are roughly twice as costly as traditional aerial helicopter surveys, but we expect costs to come down in the future as more vendors join the market. Survey costs could also be lowered by flying in a microlight or other lower fuel consumption aircraft (Franke et al. 2012) , although there are considerable safety concerns with microlights as well. Unmanned aircraft could also potentially be used, but are currently logistically difficult in expansive and vast HMAs across the west (Witczuk et al. 2018) .
